Procedures for routine collection and analysis of particulate trace elements from 5-10 L samples filtered from rosette-mounted GO-FLO bottles were evaluated during the GEOTRACES intercalibration cruises of 2008-09. Issues important in obtaining reliable and consistent distributions of particulate trace elements were investigated: the effect of particle settling in sampling bottles; type, performance, and elemental blanks of filters; filter digestion procedures; and ICP-MS analytical procedures. We determined that gentle mixing of sampling bottles just before filtration, and limiting filtration time to 1-2 h, minimizes settling artifacts. Among those tested, 0.45 µm polysulfone filters had the best particle loading characteristics, blanks, and physical attributes for routine use at sea. Maximum filter loading, requiring use of 25 mm filters at open ocean stations, was critical to achieve low blank corrections; most elements had < 10% correction for a process filter blank. Heated digestion in nitric and hydrofluoric acids was necessary to effect dissolution of all particulate elements. Reproducibility, evaluated through replicate sampling, is very good overall, and analytical reproducibility was < ±4%. Using the optimized methods, GO-FLO-filtered particulate elemental profiles for Al, P, Mn, Fe, Co, Cu, Zn, Cd, and Ba compared well to those collected by in situ pumping at the SAFe station (eastern N. Pacific) and at Santa Barbara Basin (coastal California, USA), with no systematic bias for either sampling system. The methodologies evaluated here demonstrate that low-volume methods can be used to determine distributions of particulate trace elements on ocean basin-scale hydrographic cruises, with efficiency, precision, and high spatial resolution.
Particles in the ocean act as vectors that can carry elements by horizontal mixing and advection (Lam and Bishop 2008) as well as independently of advection through gravitational sinking (e.g., Buesseler et al. 2007) , generating vertical and horizontal chemical gradients in the modern ocean. The eventual accumulation of particles in sediments provides a useful method for assessing the composition, circulation, and biological productivity of the past ocean. Over the past three decades and especially in the last few years with the initiation of the International GEOTRACES program (SCOR Working group 2007), efforts to understand the distribution of trace elements in the ocean have been accelerating rapidly. Whereas methods for determination of dissolved trace elements, both in the laboratory and at sea, have improved substantially in recent years (Bowie and Lohan 2009; Milne et al. 2010; Biller and Bruland 2012) , efforts to optimize procedures for the collection and analysis of marine particulate matter have lagged behind to some degree. As a result, we are largely ignorant of the distribution of particulate trace elements through most of the major ocean basins, and global biogeochemical models are just beginning to incorporate the role of suspended particles (Moore and Braucher 2008) . The study of suspended matter composition has important implications for phytoplankton micronutrient status (Ho et al. 2007; Ji and Sherrell 2008; Saito and Geopfert 2008; Twining et al. 2011) , the dispersal of continental weathSampling for particulate trace element determination using water sampling bottles: methodology and comparison to in situ pumps Hélène Planquette 1* and Robert M. Sherrell ering products (Lam and Bishop 2008; Planquette et al. 2009; Oelkers et al. 2011) , adsorptive scavenging through the oceanic water column (e.g., Venchiarutti and Rutgers van der Loeff 2011); and biologically mediated aggregation/disaggregation mechanisms (Coppola et al. 2006) . Early efforts to determine the composition of oceanic particulate matter focused on the elemental composition of plankton in seawater (Martin and Knauer 1973) and on plankton net tows (Collier and Edmond 1984) . Later efforts to determine at least some trace metals of interest in particulate samples from standard metal-clean sampling bottles were carefully executed and provided information about phase associations of Fe and Mn (Landing and Bruland 1987) and temporal variability in the upper water column (Jickells et al. 1990 ). In the following years, the pursuit of larger samples allowing more kinds of analyses, led to approaches using shipboard continuous flow centrifugation (Helmers 1996; Kuss and Kremling 1999) and in situ filtration (Bishop et al. 1985; Sherrell and Boyle 1992; Bishop and Wood 2008) , although spatial and temporal coverage was limited in some cases by the depth coverage and shiptime demands of the sampling methods. With the advent of sensitive multi-element analytical methods using Inductively Coupled Plasma Mass Spectrometry (ICP-MS), attention has returned to the potential for useful multi-element analyses in small samples collected from sampling bottles (Cullen and Sherrell 1999; Cullen et al. 2001; Weinstein and Moran 2004; Ho et al. 2007; Dehairs et al. 2008; Bowie et al. 2010 ). However, no strictly standardized methods for collection and analysis of particulate trace metals have emerged, and indeed, there has been no systematic study of the key considerations for generation of accurate and precise particulate trace element data from bottle samples. As part of the methods development stage of US GEOTRACES (Anderson et al. 2007; Cutter and Bruland 2012;  http://www.geotraces.org/science/intercalibration/222-sampling-and-sample-handling-protocols-for-geotraces-cruises), this study addresses methodological issues and advances the goal of standardizing techniques for particulate trace element determination from rosette-mounted bottle samples.
Here, we investigate filter selection, effectiveness of several sample digestion procedures, blanks derived from filters and analytical procedures, and artifacts associated with particle settling in sampling bottles. We evaluate the reproducibility of particulate trace element vertical profiles obtained by filtration from GO-FLO (General Oceanics) bottles of 12-L capacity (as used on US GEOTRACES sampling system; Cutter and Bruland 2012) , and compare results to profiles obtained with the Multiple Unit Large Volume in situ Filtration System (MULVFS; Bishop et al. 1985) . This article presents methodological experiments and comparative profiles for nine key GEOTRACES elements (Al, P, Mn, Fe, Co, Cu, Zn, Cd, and Ba) (GEOTRACES Science Plan 2007) at three of the stations occupied during the 2008 and 2009 GEOTRACES intercalibration cruises (BATS, SAFe, and Santa Barbara Basin). We do not discuss oceanographic implications here, but instead use the water column data to evaluate critical issues of sample collection and analysis. We show that samples collected from clean rosettemounted sampling bottles as used on the system developed by Measures et al. (2008) , or more recent discrete-volume collection systems (e.g., de Baar et al. 2008) can, with appropriate filter choices and filtration procedures, be used to obtain reproducible particulate profiles for multiple trace elements that are comparable to those determined using in situ pump samples.
Materials and procedures

GEOTRACES intercalibration cruise sampling stations
In this article, we use samples collected at three stations, located in the western North Atlantic (BATS), the eastern North Pacific (SAFe), and in Santa Barbara Basin (SBB) in the North Pacific near the California coast (Table 1) , spanning variable suspended particle concentrations and compositions. The Santa Barbara Basin (SBB) station is characterized by high productivity and high concentrations of terrigenous particles derived from the nearby continent and from resuspension of bottom sediments on the basin walls. The North Atlantic (BATS) and North Pacific stations (SAFe; Johnson et al. 2007) are by contrast open ocean stations, characterized by low suspended mass and low concentrations of particulate trace metals.
During the second intercalibration cruise, an effort was made to deploy GO-FLO bottles and the in situ pump (MUL-VFS) at similar depths in order to allow a direct comparison of particulate trace metal profiles obtained using both sampling devices. Several experiments were also carried out using the GEOTRACES rosette-mounted GO-FLO bottles, both at SAFe and SBB, for assessment of the effect of gently mixing an entire GO-FLO bottle before filtration and also to compare online and offline filtration as detailed below. We note here that the GO-FLO stopcocks were modified by the addition of a curved piece of Teflon tubing inside the bottle, attached to the inner opening of the stopcock and leading down to the opposite side of the bottle, near the lowest point in the bottle where the silicone rubber skirt attaches to the bottle wall (Cutter and Bruland 2012) . This modification is intended to compensate for the fact that the stopcock is mounted on the side of the bottle, above the lowest point, and to prevent the accumulation of sinking particles by entraining them in the outgoing stream while sampling. As we demonstrate below, this modification is not completely effective in avoiding settling particle loss at sampling flow rates typical of on-line filtration.
In situ filtration (MULVFS)
In situ pumping methods are generally subject to different potential artifacts than bottle sampling and have their own distinct considerations for producing high quality data (Bishop et al 2012) . MULVFS is limited by current cable design to 1000 m but can filter volumes of seawater ranging from 1000 to 10000 L, collecting sufficient particulate mass to allow precise isotope ratio determinations for multiple low abundance elements. MULVFS was deployed using a 1000 m long electromechanical cable with 18 tapered electrical breakouts spaced along its length. MULVFS pumps were lifted onto and off the wire with winch assist using a nylon-strap-tether that attaches to a nylon strap loop integrated into the cable above each connection point. Before deployments, filter holders were covered with plastic bags to minimize trace metal contamination and were rinsed thoroughly before and after each cast. Plastic covers were replaced between deployments.
Each filtration system included one main 293 mm filter, one 142 mm auxiliary filter, and three 47 mm side-arm filters (Fig. 1) . Filter holders and components were detergent cleaned with 5% (v/v) Decon (Fisher Scientific), acid leached in dilute HCl before each cruise then rinsed with Milli-Q water before and after each use.
Typically, MULVFS pumping times were ~4 h and 10000 L and 2000 L volumes of water were typically processed through main and auxiliary filter holders (Fig.1) , respectively, though volumes were smaller in the euphotic layer. The separate side-arm flow path enabled the filtration of up to ~30 L through each of three 47 mm diameter Supor 0.45 µm or MF-Millipore 0.45µm filters, pre-cleaned as described below. The side-arm filters, rather than the main or auxiliary filters, were used for comparison with the GO-FLO collected filters, for reasons stated below.
Collection of samples using rosette-mounted GO-FLO bottles
Twenty-four 12-L GO-FLO bottles (General Oceanics) were mounted on the GEOTRACES trace metal-clean rosette system showing main 293 mm and auxiliary 142 mm "mini-MULVFS" filter holders and three 47 mm filter holders (blue) plumbed to the "side-arm" filtration unit. All filtration components are connected to a single pump, but water passes through independent flow meters. See Bishop et al. (1985) for details.
and deployed on a Kevlar cable with a dedicated customdesigned winch (Cutter and Bruland 2012) . The bottles were mounted on the rosette via pivoting polyethylene blocks with titanium pins to facilitate easy removal, and the aluminum rosette frame was powder-coated with polyurethane, weighted with epoxy-coated lead weights, and generally designed to be free of exposed steel or aluminum parts. The inner surfaces of the GO-FLO bottles were Teflon-coated and plastic compression fittings (Swagelok) allowed them to be pressurized at ~55 kPa (0.54 atm) overpressure using clean 0.2 µm filtered air. The sampling bottles were decontaminated before use following the procedure described in Cutter and Bruland (2012) . Bottles were cocked by opening both ends, deployed open within minutes, and triggered on the ascending cast "on the fly" while moving upward through the water column at a reduced speed of ~1-3 m min -1 (Cutter and Bruland 2012) . Upon securing of the rosette after recovery, the GO-FLO bottle ends were covered with plastic shower caps, and they were carried into the Class-100 clean van where they were mounted on nonmetallic racks for sampling (Fig. 1) .
Filtration from GO-FLO bottles
Polypropylene inline filter holders of sizes 47 mm (Advantec-MFS type PP47; www.advantecmfs.com) and 25 mm (Millipore Swinnex; http://www.millipore.com/catalogue/module/C160) were used for filtration of samples (Fig. 1) . The filter holders were attached to the GO-FLO stopcocks, which have integral 3/8-inch compression fittings (Cutter and Bruland 2012) , with a combination of 3/8-inch OD polyethylene tubing, and polypropylene 3/8-inch compression elbows, thread adapters, and Luer-lock fittings (for the 25 mm filter holders), as visible in Fig. 1 . With air pressure applied to the GO-FLO headspace, filter holders were connected to plumbing parts, the stopcock opened, and then the filter holder inverted and opened a quarter turn to allow air to escape. Seawater loss during this step was negligible compared with total final filtration volume. Filtration then commenced, and filtrate was either wasted or kept in other containers for seawater analyses. We found it useful to allow the plumbing connections to hold the filter holder roughly horizontal, so that any inadvertently included air bubbles could rise to the top of the filter holder headspace and not interfere with filtration through the entire filter face. Large air bubbles included by mistake resulted in obvious white unsampled regions of filter face. These occasional mishaps did not affect particulate elemental quantification, since the whole filter was analyzed; only flow rate was somewhat affected.
Before use, all filter types (see below for their individual specifications) were acid-cleaned by placing in a 1 L low-density polyethylene bottle (up to 100 filters per bottle) and soaking in 10% (v/v) HCl (Fisher Scientific Trace Metal grade [TM] ). The bottle was double-bagged in polyethylene zip-lock bags and placed in an oven at 60°C overnight. After gentle resuspension of the filters and cooling, the acid was then removed by decanting and the bottle was filled with Milli-Q double-deionized water (18.2 MW•cm). The filters were rinsed five times with gentle inversion to minimize creation of creases and folds in filters. After sitting in Milli-Q water for 1 day, three more rinses with Milli-Q water were performed and filters were left in Milli-Q water until use. Filters were handled only at the edges, with clean Tefzel (Bel-Art #H379220000) forceps, in a Class-100 laminar flow clean bench.
Prefilter screens were used upstream of main filters in much of the work presented below. We used 51 µm square weave polyester screens (#07-51/33, Sefar) to provide samples comparable to the size-fractionated sample collection that was routine during in situ pumping sample collection on the GEO-TRACES Intercalibration cruises. These prefilters were mounted in separate filter holders connected to main filter holders by Luer-lock press-fit connectors. We used prefilter diameters smaller than the main filter (e.g., 13 mm prefilters for 25 mm main filters) to increase particle loading per filter area on the larger size fraction and thus increase sample-to-filter blank ratio, a significant concern given relatively high prefilter blanks for some elements (Cullen and Sherrell 1999) . At each station, process blanks were collected as follows: a deep (e.g., 1000 m) seawater sample was first filtered through a 0.2 µm pore size capsule filter (Pall Gelman Acropak 200; Milne et al. 2010 ) mounted on the outlet of the GO-FLO bottle so that trace metal clean 0.2 µm filtered seawater passed through the particle sampling filter, which was attached directly to the capsule filter. Our standard volume for these flow-through process blanks is 2 L.
After sampling, filter holders were removed from GO-FLO bottles. If seawater remained in the filter holder, above the filter, it was removed by gentle suction or pressure applied using an all-polypropylene 20 mL syringe, until no droplets of water emerged from the filter holder. The filter holder was then disassembled, in a Class-100 environment, tilted slightly to allow any excess water to migrate out, and the sampled filter was transferred with clean Tefzel forceps to a polystyrene Petrislide (Millipore). If a filter had excess adhering seawater, it was held momentarily with an edge touching clean dry "blotter" filter to allow seawater to be drawn off the face of the filter. On no occasion was particulate matter observed to flow off face of filter, another advantage of depth filters over flat membrane sieve filters, like polycarbonate track-etch types. Sampled filters were photographed and quickly frozen at -20°C for transport back to the lab at Rutgers University.
Digestion procedure
Ultrapure grade acids (Fisher Optima grade) were used throughout the digestion procedure based on Cullen and Sherrell (1999) , and manipulations were performed within a Class-100 clean hood. All pipets used in the digestion and analytical procedure were calibrated gravimetrically; nominal volumes are given in the following. New flat-bottom screw-cap Teflon PFA vials (15 mL, Savillex ® ) went through several stages of cleaning before being used for filter digestions. Initially, they were soaked in a 2% (v/v) Decon detergent solution overnight to remove any organics left over from the manufacturing process. Then vials were bulk rinsed 3 times with Milli-Q water and boiled in Aqua-Regia for 2 h. After this, approximately 5 mL of 12M nitric acid (Fisher TM grade) was added to each vial, which was capped and refluxed for 4 h at 120°C on a hot plate. Vials were then rinsed three times with Milli-Q and refluxed again with 1 mL Optima grade concentrated HF for 2 h. Finally, vials were rinsed 3 times with Milli-Q water, shaken nearly dry, set to dry briefly in a Class-100, then closed and stored in plastic bags until use. All other plastic ware involved in sample handling were leached in 1.2 M HCl (Fisher TM grade) at 60°C for a minimum of 12 h, then rinsed (3-5 times) with Milli-Q water. Between uses, vials were immersed in 6M HCl (Fisher TM Grade) and heated at ~110°C for 2 h, then rinsed three times with Milli-Q water. Next, 3 mL of a solution of 1.45M HF (Fisher Optima Grade) and 15.1M HNO3 (Fisher TM Grade) was refluxed in the closed vials for approximately 2 h at 135°C on a hot plate, then the vials were rinsed thoroughly with Milli-Q water.
We compared wet digestion techniques in an effort to determine quantitatively the differences in measured particulate TE concentrations resulting from digestion in HNO 3 and HF, intended to effect complete dissolution of all particle types (Sherrell 1991; Cullen and Sherrell 1999; Cullen et al. 2001) versus digestion in the HNO 3 without HF, versus leaching in dilute HCl (e.g., Bishop and Wood 2008) . All solutions were prepared with Milli-Q water. Twenty-seven replicate subsamples of each evenly distributed, dried pump-sampled filter from each of three depths were punched using a 1.2 cm diameter Acu-Punch stainless steel biopsy punch (Acuderm). Three punches were placed in each of nine Teflon vials per depth, then leached/digested in sets of three with 5 mL of 8.0M HNO 3 -2.9M HF, 8.0M HNO 3 only, or 0.6M HCl solutions (all ultraclean Fisher Optima grade acids); the former two carried out for 4 h at ~110°C, and the HCl leach for 16 h at 60°C (Bishop and Wood 2008; Bishop et al. 2012) , all with immersion of the filter pieces. The mixtures were designed to test the importance of HF in addition to nitric acid for dissolving crustal particle-dominated elements (e.g., Al, Ti) and to allow comparisons of our standard 8.0M HNO 3 -2.9M HF digestion to previously published work using 0.6M HCl (Bishop and Wood 2008) , whereas at the same time, evaluating the importance of the digestion method to filter blank corrections.
For the remaining analyses, we applied the 8.0M HNO 3 -2.9M HF digestion (both Fisher Optima grade), based on the method of Cullen and Sherrell (1999) . Typically, one 25 mm filter was placed in each Savillex vial, and 1.0 mL of the digest solution was added. Polyethersulfone filters (Supor ® ) were adhered to the wall of the vial using the digest solution, close enough to the top edge to avoid submerging any part of the filter in the digestion medium. This allows optimum refluxing while leaving the Supor filter largely intact, though modified in physical appearance. This was more convenient in generating digest solutions without small degraded filter pieces present, but immersion of filter pieces during digestion, as used in the digest comparison described above, is believed to yield equivalent results given adequate caution to avoid transferring residual filter solids to the final digest solution. In contrast, MF-Millipore filters were placed in the bottom of the vial as this cellulose filter is totally digested. When 47 mm filters were used, filters were first cut in half with clean and rinsed ceramic blades (Fine Science Tools) in order to fit the sides of the 15 mL Teflon vial, and 5 mL digest solution was added to maintain roughly the ratio of acid per filter area. Vials were then closed tightly and placed at ~110°C for 4 h on a hot plate determined to have even heating distribution, all within a laminar flow Class-100 all-plastic fume hood. After a cooldown period, lids were removed, and the solution was heated until near dryness on the hot plate at ~120°C. To help drive off HF, 100 µL concentrated HNO 3 was then added to vials, and dried down again to very near dryness. Samples were then taken up in 3.0 mL of 0.80M HNO 3 solution spiked with 1 µg L -1 indium (In) used as a drift monitor, heated for 1 h at 60°C with vial re-capped to ensure complete redissolution of any dried residue and then transferred into acid-cleaned 15 mL polypropylene tubes (Corning ® ) for archiving before analysis.
ICP-MS analysis
Trace element analyses were performed on an Element-1 (ThermoFinnigan) Sector Field Inductively Coupled Plasma Mass Spectrometer (SF-ICP-MS) with variable resolution (R = M/DM) settings of 300 (Low Resolution; LR), 4300 (Medium Resolution; MR), and 9300 (High Resolution, HR). Two extra mass flow controllers (M&W) installed on the system allowed the precise addition of Ar and N 2 to the sample gas stream immediately before the injector. The APEX-Q desolvation system (ESI) used for sample introduction provided maximum sensitivity at the selected flow rate of 150 µL min -1
. Small volumes of relatively viscous sample digests were presented to the APEX-Q through a PFA-ST (perfluoroalkoxy, HF resistant) micro-nebulizer connected to a SC-2 µFAST (ESI) flow injection system and auto sampler. Details of the analytical procedure and associated apparatus will be described in detail elsewhere. Here, we present a brief summary.
Before analysis, a polypropylene titre plate (capacity 96 samples, 1.5 mL maximum capacity per well, VWR #4779-874) was placed upside down in a large drying dish half filled with 1.6M HNO 3 (Fisher TM Grade) and boiled/refluxed for 1 h on a hot plate before being rinsed 5 times with Milli-Q, then filled with 0.80M HNO 3 (Fisher Optima grade), allowed to sit for several hours, then rinsed again with Milli-Q. The titre plate was then allowed to dry in a laminar flow bench before being used as a convenient and compact sample holder for the autosampler.
On the day of analysis, 400 µL of archived digest solution was pipetted carefully into each titre plate well to allow complete filling of the 350 µL flow injection loop volume with minimal sample wastage. Every 10 samples, a replicate analysis of a selected sample digest solution was made and spike
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Particulate trace element sampling recovery assessed by spiking one additional sample aliquot (350 µL) with 50 µL of a multi-element standard solution containing all analytes in similar proportions to that of samples. Titre plate loading blanks were assessed by running 400 µL of 0.80M HNO 3 spiked with 1 µg L -1 In, from 8 random wells per 96-well plate. One analysis, therefore, consumed just 13% of the archived digest solution, equivalent typically to ~1.4 L filtered seawater. This allowed replicate analysis as needed and an archive of digest solutions for future analyses for other elements and isotopes.
Given the large concentration range of some elements and varying elemental ratios in natural samples, standard curves were custom made from single element primary standards. All working solutions for standardization were prepared from 10 or 1000 mg L -1 NIST-traceable primary standards purchased from High Purity Standards and diluted to appropriate concentrations with 0.80M HNO 3 . To avoid potential cross contamination when mixing very high and low concentration standards, two separate multi-element standard curves were constructed: 1) a high concentration standard curve that contained Al, P, Ca, Fe, Sr, and Ba, and 2) a low concentration standard curve that contained Ti, V, Cr, Mn, Co, Ni, Cu, Zn, Rb, Y, Zr, Mo, Cd, Pb, and Th. The two 10-point external standard curves were prepared by dilutions of the multi-element mixed standard stock solution to span the expected range of sample concentrations, with concentrations in the standard curve spaced to cover potential sample variations of two orders of magnitude. Standard curves were run at the beginning, in the middle, and at the end of each run. Indium was added at 1 µg L -1 to all standard solutions to correct for drift and matrix-dependent sensitivity variations. As indicated in the "Introduction," a subset of nine of these elements comprises the focus of this article; the remaining data are available upon request from the authors.
As there is no commercially available CRM for marine suspended matter, we compared results for dried powder CRMs of phytoplankton (BCR-414a), zooplankton (TORT-2), and marine sediment (HISS-1 and MESS-3). Acid volumes were scaled to match acid/mass ratios used for suspended matter samples. Using the 8.0M HNO 3 2.9M HF 4 h digestion protocol, recovery of all elements is within the certified values for TORT-2, BCR-414, HISS-1, and MESS-3. Final particulate elemental concentrations per liter of seawater were calculated from the raw data intensities as follows: 1) normalize raw data using internal standard, 2) fit standard curves to determine slope, 3) average the three standard curves per run, 4) calculate concentration of blanks and unknowns, 5) subtract full procedural blank from unknowns, 6) divide by volume filtered. The relative standard deviation (RSD) of three blocks of data from each analysis, generated by the ICP-MS software, was used as an acceptance criterion for data quality; analyses with RSD > 30% were rejected, even though such effects may be corrected by internal standards. A standard sequence for each run includes 8 instrument blanks (no solution introduced), 3 standard curves (beginning, middle, and end of one titre plate), 72 unknowns (samples and procedural blanks), 8 titre plate blanks (1 every 10 samples), and 16 spiked unknowns (2 every 10 samples).
Overall, blanks from the instrument and titre plates were exceeded (by large factors in some cases) by blanks derived from the Teflon digestion vials and blank filters (Fig. 2) . Typical instrumental blanks for the 9 elements comprising the focus of this article, as assessed by determining blanks on from a 250 mL bottle of 0.80M HNO 3 (Fisher Optima diluted in Milli-Q water) sampled with the autosampler probe, were as follows, with indicated blanks and (detection limits; defined as 3 times the standard deviation of the blank) all in nM units: A large number of samples of varying concentrations were replicated within run, and precision was assessed using the final concentration determined on real samples from a variety of depths in the water column. Analytical reproducibility was always < ± 4% about the mean measurement for all elements within a single analytical run (32 replicated samples, n = 2 per sample) and was < ± 6% between analytical runs separated by as much as 6 months (70 replicated samples, n = 2 per sample).
Work carried out since the submission of this article indicates that similar quality data can be obtained without the use of the APEX-Q desolvator on the introduction system. Although detection limits are somewhat higher, and molecular oxide production increased, the only critical oxide interference for this suite of elements, that of MoO + on Cd, is still negligible for our typical samples. Because the instrument detection limit is generally much lower than the filter digestion blank, these analyses could very likely be carried out with a quadrupole ICP-MS instrument, assuming careful control for interfering molecular ions. The flow injection system, however, is likely a requirement, as it greatly reduces the quantity of sample required for analysis, allowing the full elemental suite to be determined (with backup archive sample solution) on the small samples obtained from GO-FLO filtration. Detection limits of ICP-OES are such that only some of the most abundant elements are likely to be detectable using this optical spectroscopy method.
Assessment
Filter type
In this study, we evaluated four major types of commercially available filters for their appropriateness for determination of particulate trace element concentrations in the ocean: quartz fiber (Whatman QMA, ~1.0 µm), polysulfone (Pall Gelman Supor 0.45 µm), polycarbonate track-etch (GE Poretics 0.45 µm), and mixed cellulose ester (MF-Millipore and Pall Gelman GN-6 0.45 µm). Performance criteria assessed include trace metal blanks per area of filter, available pore size, flow rate, tendency to clogging and flow stoppage, strength characteristics, handling ease at sea, and compatibility with various digestion methods, with cost set as a less important factor.
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Although quartz fiber filters (Whatman QMA) have been used extensively on in situ pumping systems (e.g., Bishop and Wood 2008 ) and evaluated for GO-FLO bottle sampling (Cullen and Sherrell 1999) , their high blank contributions make them unworkable for the determination of most trace elements and isotopes (TEIs; Cullen and Sherrell 1999) . These filters may be very useful in addressing questions that do not require all terrigenous particles to be solubilized, but it is the goal of the GEOTRACES particulate TEI program to determine total particulate matter composition, hence quartz fiber filters are not further considered here. Polycarbonate track-etch filters have a long history of use in trace metal marine geochemistry and were evaluated for this work, but we carried out only a limited number of experiments using these filters, since we found that MF and Supor membranes were able to achieve greater loading before clogging (higher ratio of sample to filter blank) and were easier to use (better flow rates, stronger, simpler handling during filter holder loading) during GEO -TRACES sampling cruises. Others have tested polycarbonate filters more extensively with good success (Bowie et al. 2010) , and they have been used for many years for analyses of selected elements in some oceanic regimes. If users are aware of the practical difficulties of clogging, handling, and potential sample loss from the surface, polycarbonate filters appear to be a workable alternative. For the reasons stated, however, emphasis in the remainder of this article is on polysulfone (Pall Gelman Supor) and cellulose filters (MF-Millipore and Pall Gelman GN-6; many other makes also available). These are "depth" type filters with relatively high porosity, that demonstrate similar moderately high flow rates and good loading capacities, with much less tendency to clog completely compared with track-etch membrane "sieve" type filters. The polysulfone filters have the advantage of being very robust and easy to handle at sea; cellulose filters are more prone to breakage and may become brittle on dry storage following acid cleaning. On the other hand, polysulfone filters are very difficult to dissolve completely using acid digestion methods (although possible with the "Piranha" digestion method; P. Lam pers. comm. 2011). Cellulose filters, by contrast, dissolve readily in nitric acid, providing a simple matrix for subsequent processing and analysis. The GN-6 cellulose filters were more fragile than the MF type; hence we did most of the field evaluations with MF-Millipore cellulose filters.
Filter blanks
One of the largest sources of blank correction for the determination of particulate trace metals derives from that released from the filter matrix itself during sample digestion. In this section, we present the process filter blanks for Supor and MFMillipore filters, and compare them to blanks derived from the Teflon digestion vials themselves and from the ICP-MS instrument and its autosampler sample containers.
The relative blanks from these various sources are compared for nine key trace elements (Fig. 2) . The blank contribution from the filter (following standard 8.0M HNO 3 2.9M HF digestion) exceeded the instrument or autosampler (titre plate) blanks for all elements, by a factor of 3 (Zn and Ba, Supor filters) to 1000 (Al, quartz filter), and the digest blank contribution from the Teflon vial is generally much smaller than the filter blank as well. Not surprisingly therefore, the limitation on the detection limits for particulate trace elements is the filter digestion blank, emphasizing the importance of sample loading per unit filter area. Although the Cd autosampler blank exceeded the digest vial blank in this blank determination run, it is still less than any process filter blank, making this slight contamination issue negligible to the overall analysis.
It was hypothesized that more accurate filter blanks could be determined if a volume of prefiltered seawater were passed through the filter, under the assumption that the complexing and ion-exchange capabilities of seawater, in addition to the passage of seawater through the filter (acid cleaning and rinsing of filters prior to use does involve soaking, but not through-flow), might reduce effective blanks for some elements, preventing over-correction of blanks as would occur by using blanks measured on acid-cleaned filters that had never seen seawater. So-called process blanks were thus determined by passing deep open ocean water, prefiltered at 0.2 µm (Acropak 200 capsule filter, Pall Gelman, pre-cleaned by passage of 20 L seawater), though each process blank filter. Absolute blanks for process blank filters of all filter types (QMA, GN-6, PC, Supor) are compared for our full analytical suite of elements in Table 2 .
As anticipated, process filter blanks were always higher for quartz fiber filters compared to other filter types due to the inherent composition of these filters. The concentrations of quartz and polycarbonate process filter blanks were similar to values reported in previous studies (Cullen and Sherrell 1999; Bowie et al. 2010 ) and were considerably smaller than values obtained by Nakatsuka et al. (2007) , possibly due to the presence of HClO 4 in their digest solution. With the exception of Cu, Supor filters were cleaner, by as much as several times, than MF filters (Fig. 2) and on this basis, are recommended for future use.
Filter blank corrections
Fortunately, for most elements of interest, the majority of samples collected have relatively low filter blank corrections. Upper water column particulate metals are typically the most difficult to determine accurately because concentrations of many elements per mass of particulate matter are lower in fresh biogenic particles than in particles from the deeper water column, where organic matter is degraded, terrigenous particles are often more numerous, and particulate metal concentrations are higher for many elements. We strive to achieve a blank correction of < 10% of whole sample concentrations, but for a few elements this may be difficult to achieve in the upper water column of the open ocean. For example, at the SAFe station, which we sampled at high resolution in the upper 200 m, blank corrections exceeded 10% for Cu and Zn. All other elements (of the nine reported here) had process blank corrections < 10%. For MF-Millipore filters, the list of elements with > 10% blank correction included Cu, Zn, Al, and Mn. Given the importance of Al for estimation of the terrigenous fraction, this comparison highlights another aspect in favor of Supor over MF-Millipore filters -determination of metal sources, e.g., terrigenic, biogenic, and authigenic.
Comparison of digestion procedures
We compared leach/digestion procedures on punches from MULVFS main Supor filters taken at three different depths at the BATS station. Results are presented in Fig. 3 and full details are given in Table 3 . Three digest solutions were tested as described above: 0.6M HCl, 8.0M HNO 3 , and 8.0M HNO 3 -2.9M HF. The three procedures gave essentially indistinguish-
Planquette and Sherrell
Particulate trace element sampling Table 3 . Determined particulate metal concentrations using three types of digest/leach procedure. Samples were collected using MULVFS during the GEOT- HNO 3 (without HF) dissolves significantly higher fractions than 5% HCl for many elements, and emphasize the requirement for using HF to solubilize elements dominated by the crustal fraction.
Comparison of Supor and MF-Millipore filters in vertical profiles
To test filtration performance and similarity, we carried out a side-by-side comparison under real oceanographic sampling conditions by sampling parallel profiles at the SAFe station (IC2 cruise, event 2040, see Table 1 ) on Supor and MF-Millipore filters (both 0.45 µm pore size, both 25 mm diameter). The purpose was to determine whether comparable trace metal concentrations could be determined using either filter type, a test of both of our process blank determinations and of filter performance for real heterogeneous natural suspended Table 2 for data and uncertainties. Error bars in this figure correspond to the standard deviation of the results from three replicates of each digest/leach experiment, for each depth. Data for Cu not reported due to analytical issues.
matter. Two GO-FLO bottles were tripped at each of 12 depths from 20-200 m, each dedicated to either a Supor or MF-Millipore filtration, and filtration was carried out promptly and simultaneously after mixing the sampling bottles (see further discussion below). All filters were digested with the total particulate digestion method of 8.0M HNO 3 -2.9M HF. The results demonstrate that the two filter types collected essentially indistinguishable profiles for Ba and Mn, very similar profiles for Al, Fe, and Co, and somewhat different profiles for P, Cu, Zn, Cd, and Co (Fig. 4) . The Ba and Mn profile pairs essentially amount to simultaneous replication of the entire sampling and analysis procedure, indicating insensitivity to the filter type as well as excellent low-blank analytical behavior for these elements. The particulate P and Cd concentrations determined on MF-Millipore filters were roughly 10% to 40% higher than those determined on Supor filters, throughout the upper 200 m. For Cu and Zn, the discrepancy was of the same order, but with a larger discrepancy in the upper 100 m, and a smaller difference in the 100-200 m interval.
A similar comparison was carried out using the side-arm filter holders of the MULVFS in situ pumping system deployed at the SAFe station in the upper 900 m. However, in this case, sampling with the two filter types (Supor and MF-Millipore) could not be simultaneous because three side-arm filter holders are plumbed into one flow meter. This requires filtration characteristics to be matched absolutely among the three filter holders, so that total volume can be divided by three to derive volume per filter holder (Bishop et al. 2012 mounted upstream in each case. Agreement between the two filter types is good overall, with the best matches for Al, Fe, Ba, and Mn, although more scatter is evident in the profiles than was seen in the GO-FLO experiment (Fig. 5) . As with the GO-FLO comparison, the MF-Millipore filter gave significantly higher concentrations for P and Cd throughout the upper 700 m, and for Cu, Zn, and Co in the upper 100-200 m, suggesting a smaller effective pore size for the MF filters, and a significant fraction of these biogenic elements in particles near to or smaller than the manufacturer's indicated pore size. The results for Cu are particularly striking, as the MF filter gave substantially different concentrations in the upper 50 m. A possible explanation, distinct from the effective pore size, is that some fraction of the dissolved Cu, which is highly complexed by dissolved organic matter in surface waters, adsorbs to the surfaces of the filter matrix, resulting in a unique overestimation of particulate Cu, in artifact. Clearly, these two filter types, with identical nominal pore size, do not sample identically for all elements of interest.
Particle settling artifacts in GO-FLO bottles
It is well known that particle settling in sampling bottles can lead to inaccurate particulate elemental concentrations (Bishop and Edmond 1976; Gardner 1977) . When large and/or dense particles are present, they may settle significantly in the sampling bottle even before it arrives on deck post-deployment. This particle settling effect can cause under-or overestimation of true particulate elemental concentrations. Settled particles accumulated at the bottom of the bottle could lead to undersampling, as the sampling port is slightly higher than the lowest point of the bottle. Hypothetically, settling could alternatively lead to particle accumulation in the lower half of the bottle, before accumulation at the bottom, causing overesti-
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Particulate trace element sampling 378 Fig. 4 , but samples collected with MULVFS in situ pumping system "side-arm" in upper 700 m of SAFe station, 0.45-51 µm size fraction.
Fig. 5. As in
mation of true particle concentrations, if the bottle is only partially filtered. When carrying out filtration from GO-FLO bottles, this issue must be acknowledged and minimized, or the risk of inaccurate particulate elemental concentrations is real.
To investigate the severity of these potential artifacts, we sampled particulate matter with and without manual mixing prior to filtration of the GO-FLO bottles on deck, by carrying out sequential filtrations from a single GO-FLO bottle, and finally by comparing on-line GO-FLO filtration with offline filtration of a well-mixed aliquot sampled just after deck-mixing the GO-FLO bottles.
Because particle settling artifacts are expected to be most severe in oceanic regimes with large, abundant, and dense particles, we compared settling effects at the Santa Barbara Basin station, which has the highest concentrations of terrigenous particles of all stations sampled during the intercalibration program, with those at the SAFe station. The experiment involved tripping two bottles simultaneously at each of 6 depths from 30-530 m, at SBB, and each of three depths, 70-2000 m, at SAFe. Volumes of 0.5-1.0 L were removed initially from the bottles to serve other sampling needs and to create headspace to allow mixing. One of each pair of bottles was left in the clean van sampling rack, and the other was mixed by removing the nearly full bottle from the rack, holding horizontally and tilting slowly about 20° both directions, repeated three times, to achieve complete homogenization of the contained volume without unnecessary turbulence. Filtration then commenced immediately, using 47 mm 0.45 µm Supor filters with 13 mm 51 µm prefilters at SBB, and 25 mm 0.45 µm Supor filters with the same prefilters at SAFe. Total filtration time was well matched in most cases for mixed and unmixed bottles, and was about 1 h at most depths, increasing to 1.5-2.0 h in the biologically productive upper 100 m. Total settling time for unmixed bottles, from bottle trip to completion of filtration, was ~2-3 h. All Supor filters were digested using the 8.0M HNO 3 -2.9M HF acid mixture and analyzed identically.
Overall, settling caused underestimation of true particulate elemental concentration by 10% to 50% at the coastal Santa Barbara Basin station and from 0% to 150% at the SAFe station (Fig. 6) . The magnitude of the settling artifact was elementdependent, with similar patterns at each station. For example, the terrigenous particle element Al was about 50% higher in bottles that had been mixed, while P, Cu, and Cd were only about 10% higher, suggestive of element associations with different particle types that settle independently. Overall, the settling effect was greatest for Al, Fe, Ba, and Zn, suggesting that these elements were associated preferentially with large and/or dense particles. The particle settling effect was also depth-dependent, with the settling artifact appearing to decrease for all elements below 300 m (not shown), presumably as large fast-sinking particles were disaggregated and/or remineralized in the water column. It may be that the Teflon tube modifications to the inside of the stopcock, mentioned above, were effective in countering particle accumulation at deeper depths (or that no significant accumulation occurred in any case), but that flow rate through these tubes during online filtration was insufficient to resuspend larger settled particles from the bottom of the GO-FLO in samples from the upper water column. It is important to note that the results shown in Fig. 6 are for the 0.45-51 µm size fraction. Particles larger than 51 µm may suffer from greater settling losses in unmixed bottles.
As a final test, we compared our standard on-line filtration directly from pressurized GO-FLO bottles to a simple off-line filtration, on the working hypothesis that a subsample of the GO-FLO volume, taken immediately after GO-FLO mixing, and filtered quantitatively off-line, may be free of settling artifacts compared to on-line filtration. The off-line apparatus was simply two polycarbonate 2 L bottles connected by a 25
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Particulate trace element sampling 379 Fig. 6 . Results of GO-FLO bottle mixing and particle settling experiment for 0.45-51 µm particles. Bars indicate mean ratio of particulate trace metal determinations from GO-FLO bottles that were mixed just before filtration commenced (to resuspend any settling particles) to those that were not, for nine trace elements at the SAFe (A) and SBB (B) stations. Error bars represent the minimum and maximum ratios determined from all depths sampled in the experiment. Depths for experiment at SAFe station were 70, 120, and 2000 m. Depths considered at SBB station were 30, 110, 160, 330, 430, and 530 m. Note that ratios are almost all ≥ 1.0, indicating that mixing results in ~equal or higher particulate concentrations, compared with not mixing GO-FLO bottles. Ratio of 1.0 is indicated by the dotted line.
mm filter holder, with the supply side pressurized similarly to the GO-FLO bottles. At the SAFe station, for the off-line filtration, filtered volumes were 3.80 to 4.35 L. The on-line filtration volume was 11.2 L in all cases except at the 20 m and 70 m depths, where filters clogged before the entire bottle could be filtered, and volumes were 4.6 to 6.1 L. In the case of the SBB station, the on-line versus off-line comparison used splits of the same GO-FLO bottle. Volumes for the online filtration varied from 2.0-7.1 L, and in the off-line method from 2.0-5.8 L.
Overall, we found close similarity in results from on-line and off-line filtration. This is illustrated by the profiles of the terrigenous element Al and the biogenous element P, as representative results (Fig. 7) . At the SBB station, the results are similar, although the on-line Al values at depths greater than 100 m and the P value at 20 m were somewhat higher than the offline results at those depths. At the SAFe station, the profiles obtained using the two methods are very similar, with the online method giving nearly equal or slightly higher concentrations than off-line. For P, this small discrepancy is seen for shallower depths, and for Al, it is greater for deeper waters. It is difficult to explain why the on-line filtration gave higher concentrations, the opposite of expectations if particle settling were significant. One possibility is that filter loading tends to decrease the effective pore size of the Supor filters, leading to higher concentrations for the on-line samples, which filtered in general more than twice the volume as the off-line samples. This would imply significant particulate Al and P in a size class smaller than the nominal 0.45 µm filter pore size, but this effect decreases with depth for P, consistent for example with a decrease in free-living bacterial concentrations with depth (no P discrepancy at 1500m), and with our interpretation of the filter type comparison above (Figs. 4 and 5 ). This explanation, however, is inconsistent with reports colloidal Al of < 0.5 nM even in shelf waters (Moran and Moore 1989) . We cannot rule out, therefore, that our simple off-line filtration apparatus was not immune to small losses from settling as well, and that these losses might have been greater for dense Al-containing particles for the larger volumes and longer filtrations times that characterized the deeper samples. In summary, the modest differences between results generated by on-line versus offline filtration, where observed, argue against settling artifacts in the on-line method with GO-FLO mixing. However, discrepancies noted here indicate that a rigorous evaluation of on-line versus off-line filtration would benefit from a repeated study with an optimized off-line filtration system.
Profile sampling replication
We evaluated the reproducibility of the GO-FLO filtration method by carrying out four CTD/rosette casts at the SAFe station over the course of 1 week, 11-18 May 2009. While hydrographic variability, biological production, and water mass advection may affect particle distributions and composition over this period, the approach served to demonstrate the general reproducibility of our sampling procedures. Not all profiles were collected over the same depth intervals, and some data points are missing due to sampling or analytical mistakes. Despite these limitations, overall agreement of the independent profiles was very good, especially below 100 m, where we expect particle residence time to be to be longer, advection to perhaps be slower, and horizontal gradients to be smaller (Fig. 8) . The few single-point high concentrations ("flyers"), especially for Zn, are likely due to contamination during han- dling or analysis, not to incorrect volume, as the latter would affect results for all elements equally. An overall assessment of reproducibility, disregarding "flyers," is that a profile can be determined with a general precision of ± ~15%. Unfortunately, true temporal replicate profiles were not carried out using the same filter type, but the agreement of Mn and Ba profiles in the simultaneous Supor versus MF-Millipore filter investigation was ~ ± 5% to 10%, suggesting that our sampling plus analytical procedure is fundamentally very reproducible.
GO-FLO filtration versus in situ pumping
Comparison of in situ pumping and bottle sampling methods for collection of suspended particles can provide assurance that the methods are equivalent and can be used alternately or in combination on future cruises. Comparisons of these two methods of collecting suspended particles of different size classes have been made in other contexts (Altabet et al. 1992; Liu et al. 2005; Liu et al. 2009 ), but have not previously been explored for trace metals in smaller suspended particles that make up the bulk of suspended mass in most oceanic regimes. In making this methodological intercomparison in the most unambiguous way possible, we used the side-arm channel on MULVFS (see "Methods,"), mounting three 47 mm filter holders per side-arm. One side-arm filter from each depth was digested with the 8.0M HNO 3 -2.9M HF mixture for comparison to the parallel GO-FLO samples. Main and auxiliary filters on MULVFS were avoided for this purpose due to inconsistent sample homogeneity across the face of the filter (Bishop et al. 2012 ) that would potentially lead to inaccurate subsamples. This inhomogeneity effect was most pronounced for 0.45 µm Supor samples of deeper, less "sticky" particles with lower organic carbon content (Bishop et al. 2012) . MF-Millipore filters are not much better in this regard, and they are fragile and difficult to handle for large filter holders as found on in situ pumping systems, and have not been used extensively in the literature. Therefore, for the GO-FLO versus pump comparison, we focus here on the comparison of results using Supor filters. We carried out the same comparison with MF-Millipore filters, and found results comparable with those obtained using Supor filters, but do not report these results here because of space limitations and our lower recommendation of this filter type.
To minimize the effect of hydrographic variability, we compared results from a MULVFS deployment on 16 May 2009 to two CTD-rosette GO-FLO casts carried out on 14 and 18 May 2009 (GMT) at the SAFe station. All deployments used Supor 0.45 µm main filters and 13 mm diameter 51 µm mesh size prefilter screens, but the pumped samples were collected on a 47 mm diameter Supor, whereas the GO-FLO samples were filtered onto 25 mm Supor filters. Because the pump samples filtered somewhat more seawater per Supor filter area, and used a Supor filter with ~4 times greater effective surface area, the 13 mm prefilters were much more loaded on the pump samples.
In general, the results agreed well, with neither GO-FLO nor pump samples showing a consistent offset from one another across all elements (Fig. 9 ). Discrepancies were greatest for upper 200 m samples and for elements with relatively large filter blank corrections (e.g., Cu, Zn in upper 200 m). Generally, agreement was better in the deeper water column, suggesting that temporal variability in the upper water column particle field may have played a role in forcing discrepancies shallower than 200 m. Best overall agreement in the deep water column was seen for Al, P, and Co, all elements with low percent filter blank correction (see Table 4 for details). For Ba, however, another element with low blank subtraction and otherwise excellent analytical performance, deep water pump samples gave significantly lower concentrations than GO-FLOs. Conversely, Fe, with only 1% to 2% blank subtraction (Table 4) , shows some evidence of the opposite comparative effect. The pumped Mn profile is substantially and uniquely higher than that from the GO-FLO deployments, below 100 m. These discrepancies may be related to the combined effects of total sample loading and filtration flow rate; similar increases in apparent particulate Mn concentration with filter loading were seen in the pumped filter comparisons, and were attributed to the more effective capture of very small Mn-rich particles by more clogged filters, an effect not seen for any other element (Bishop et al. 2012 ). In the upper 80 m, however, particulate concentrations were somewhat higher for most elements in the GO-FLO samples, especially so for the GO-FLO cast that occurred after the pump cast. While temporal variability of near-surface water masses surely contributes to this effect, and may explain the upper 80 m differences between the two GO-FLO casts, the fact that GO-FLO casts both before and after the pump cast gave higher metal concentrations suggests a sampling-related bias. One possibility is that the 13 mm prefilters on the pumped samples, which filtered several times more volume than the GO-FLO prefilters, became semi-clogged with > 51 µm particulate matter, decreasing the effective pore size of the screen, and decreasing the fraction of particulate matter that passed through to deposit on the main 0.45 µm filter. An effect of this type would be expected to have an element-specific magnitude related to the relative enrichment of the element in the larger size fraction. It is possible that this phenomenon contributed to the lower Ba concentrations in the 0.45-51 µm deep pumped samples as well. Resolution of these issues will require analysis of the prefilters and summing the total particulate concentrations. While the interpretations are somewhat speculative, this example highlights the interplay among face velocity, total loading, and effective operationally defined size fractionation in collection of natural particulate matter. The relatively modest pump-bottle discrepancies for particulate P, a tracer of biomass, suggest that we do not see the large differences in organic matter quantification between pumps and bottles, observed previously for POC determinations (Liu et al. 2005; Liu et al. 2009) , although these earlier studies focused on > 70 µm particles in concluding that pump-bottle differences were influenced by differential zooplankton capture. In total, for depths below 100 m, although there are a few apparently errant data points, we observe no systematic difference between distributions determined with the two sampling methods.
A similar comparison was carried out at the SBB station. In this case, a single GO-FLO cast was compared to pump deployments carried out 1 day before and after. Both sampling methods used 47 mm Supor filters, and the prefilters were 25 mm for both the GO-FLO bottles and pumps. In general, agreement is good between the two sampling methods (Fig. 10) . In the upper 150 m however, the samples collected from GO-FLO bottles had significantly less Al, Fe, Mn, and Co than samples collected by pumping. We speculate that this effect, which is opposite to that seen in the upper 80m at SAFe, was a product of the relationship between face velocity and size fractiona- Table 4 . Range (in %) of process blank correction (Supor and MF-Millipore) applied at SAFe and SBB stations using GO-FLO bottles.
Note that for analyses carried on Supor filter at SAFe, analytical issues were encountered with Cu, therefore no data are provided for this element. tion during 2-stage filtration (prefilter plus main filter). We speculate that the greater pressure gradient across the filter during in situ pumping (up to 80 kPa; Bishop and Wood 2008) versus that used in GO-FLO filtration (~55 kPa) led to greater face velocity through the prefilter on the pump sample, but not greater overall loading as at the SAFe station, and thus a greater tendency to disaggregate the > 51 µm particulate matter and deposit it on the main 0.45 µm filter. The elements most affected would be those most enriched on large particles relative to small particles. In the context of this speculative discussion, however, we cannot rule out the possibility that particle settling caused some loss of large dense particles in the GO-FLO bottles in this depth interval, despite mixing the bottles before filtration. The four affected elements are strongly associated with terrigenous matter, and terrigenous particle concentrations are relatively high overall at the SBB station. If so, this would raise a caution regarding GO-FLO sampling in very particle-rich ocean margin regimes, and suggest either remixing mid-filtration, or shorter total filtration times. Again, verification would require careful analysis of the prefilters, a difficult task for some elements given the high filter blanks (Cullen and Sherrell 1999) . With the exception of these offsets, however, the overall agreement between GO-FLO and pump collected results is very good, and does not reveal any systematic bias between the collection methods throughout the water column.
Station Filter
Discussion
Oceanic suspended particles have been sampled from Niskin bottles or similar water collection devices for many years, for purposes of determining fundamental variables such as Chlorophyll a or particulate organic carbon (POC). Studies of the concentration and distribution of suspended particulate trace metals are relatively rare, and very few workers have attempted to determine accurate concentrations of a suite of metals on small-volume samples from Niskin or GO-FLO bottles (Nakatsuka et al. 2007; Bowie et al. 2010) . This may be a result of fear that contamination and handling difficulties may prevent the acquisition of highquality data. A number of successful studies over the past few decades have employed large volume in situ pumps to overwhelm the difficulties associated with filtration from small volumes for trace element and isotope determination (Sherrell and Boyle 1992; Coppola et al. 2006; Bishop and Wood 2008; Lam and Bishop 2008) , but these systems are expensive, consume substantial amounts of ship time, and some cases do not sample with the same depth coverage or resolution as is routine with CTD/rosette sampling. Here, we have shown that samples of a few liters can be filtered on shipboard to obtain reproducible and apparently accurate vertical profiles that compare well with results on samples obtained with in situ pumping methods. On first consideration, it does not seem that the sample collection or analytical challenges would be too difficult; seawater samples can now be analyzed for multiple metals using about 10 mL seawater (Milne et al. 2010) . Since particulate metal concentrations in open ocean sub-surface water on the order of 0.2% to 10% of dissolved metal concentrations (Sherrell and Boyle 1992) , it stands to reason that accurate particulate metal concentrations should be measurable on 0.1-5 L seawater. The major impediments to this goal are the magnitude of the filter blank, which is dependent on both the filter type and the sample digestion method, and the methods for separating suspended particles from a volume of seawater in a representative manner.
This work shows that the most important factors for obtaining accurate and precise particulate trace metal concentrations from 10 L or less of seawater are the choice of filter, the avoidance of significant particle settling and loss prior to filtration, the method of digestion, and the performance of the analytical method.
Compared with in situ pumping methods, the disadvantages of the GO-FLO filtration method are the need to ensure that particle settling losses are insignificant, a sample size that is insufficient for determination of other GEOTRACES analytes such as rare isotopes, and the ability to collect only small quantities of rare large particles that dominate the sinking flux. However, sampling from GO-FLO bottles has many advantages, including: simplicity, minimal additional use of ship time, modest expenses, instantaneous sampling that avoids possible integration across strong distribution gradients, and freedom from subsampling reproducibility concerns and greater spatial resolution. Shipboard filtration also makes it possible to use the filtrate seawater for complementary dissolved phase analyses from exactly the same water volume, a possible advantage in quantifying dissolved/particulate partitioning.
One unresolved aspect of the current research is that we have not fully addressed the capability of this method to determine trace metals in the large particle size fraction (>50 µm). Available prefilters that we have tested have relatively high blanks for some elements of interest when using digestion methods that combine HNO 3 and HF (Cullen and Sherrell 1999) , and large particles are often a minor fraction of total suspended matter, especially in the intermediate and deep waters of the open ocean. Prefilter loading using this method is often quite low, and therefore blank corrections may be high, unless large particles can be quantitatively removed from prefilters.
These findings open the door to creative use of combined sampling strategies that maximize spatial resolution for key elements and also obtain larger samples at lower resolution, by alternating pump and GO-FLO collections, or by deploying pumps in the upper water column and bottles in the lower, for example. The use of 24-bottle rosettes allows higher-resolution sampling within one deployment than is typically possible using pumps, an important factor in resolving fine-scale features in oceanic particulate profiles. Performing dissolved element analyses on samples collected from the same bottles may be an important capability for addressing some detailed questions in trace element biogeochemistry and water column distribution; most particulate sampling to date has been on independent samples from separate deployments.
Overall, our results suggest that pumps and bottles can be combined in specifically tailored sampling plans to maximize information content per unit of ship time. Finally, and importantly, research groups without the budget or expertise to operate multiple in situ pumps can use the methods we describe here to determine high-resolution profiles for any suite of elements that can be determined by the analytical techniques available.
Comments and recommendations
1. We recommend the use of Supor 0.45 µm polysulfone filters (Pall Gelman) for the collection of suspended particles for trace metal analysis, for reasons of filter blanks, apparent freedom from dissolved metal adsorption, and ease of handling. A second choice is MF-Millipore 0.45 µm mixed cellulose ester filters, which perform similarly, but have higher blanks especially for Al, Fe, and Mn, and show some evidence of dissolved metal adsorption artifact, at least for Cu. Polycarbonate track-etch filters have advantages including low blank and a long history of use in marine trace metal research, and may be a useful alternative as well. This filter type was not given exhaustive testing here because the difficulties of handling, rapid clogging (low sample loading), and the potential for sample loss from a wet filter face were deemed impractical for routine use on long transect cruises such as in the GEOTRACES program.
2. Particle settling in sampling bottles is a very real but often underappreciated phenomenon. We recommend minimizing the effects of particle settling on accuracy of particu-late trace element determinations by gentle mixing of the sampling bottle just prior to filtration, by limiting total filtration times, and by filtering the entire sampling bottle volume if possible.
3. Filter blanks are the largest source of uncertainty for some elements and parts of the water column, notably Cu and Zn in the euphotic zone. We recommend extensive use of process blanks, involving filtration of pre-filtered clean seawater, preferably from representative stations and depths over the course of a sampling transect. We have not systematically evaluated "dipped" blanks simply exposed to clean seawater, versus "flow-through" process blanks, but have only used the latter in this work. For elements with substantial filter blank corrections, more effort should be expended on determining the most appropriate procedure for determining procedural filter blanks.
4. The most difficult part of the water column in which to obtain high-quality and reproducible particulate metals data is the euphotic zone, a region of great interest for determination of phytoplankton-metal interactions. Although particle concentrations are high, concentrations of metals per mass of particle are low for many metals, and the organic-rich particle quality tends to clog filters at low filtration volumes, much more readily than occurs in mid-or deep-waters. Therefore, appropriate filter blanks are most important to determine in the euphotic zone. Separate from the sampling issue, but equally important to interpretations, is the fact that biological activity or advection of mesoscale oceanic features can change the concentration and composition of euphotic zone particles on a rapid time scales; therefore individual profiles may be only roughly representative of regional distributions.
5. As found previously (Bowie et al. 2010 ), hydrofluoric acid is required for effective solubilization of elements dominantly found in terrigenous particulate matter. We recommend digestion in a combination of 8.0M HNO 3 and 2.9M HF, with a digest volume of 1-5 mL per 10 L filtered seawater. While more concentrated HNO 3 may work as well, we found previously that use of concentrated HNO 3 merely increased filter blanks in our standard reflux digestion method (Supor filters not completely dissolved) while having little effect on the completeness of particle digestion (Cullen and Sherrell 1999) . More work is needed to demonstrate conclusively the complete dissolution of all particle types, possibly by a systematic comparison of wet digestion with fusion techniques (Huang and Conte 2009) . If future data sets for particulate trace elements are to be comparable, it is very important that the international oceanographic community agree on optimum or at least equivalent particle digestion methods.
6. Determined concentrations of particulate trace elements will always be dependent to greater or lesser degrees on the details of the filtration procedure. This is a concern that is generally less important for the determination of dissolved trace metals, since particulate fractions are much smaller than dissolved fractions for most elements in the ocean. This work sheds some light on the relative importance of some of these details. Pressure gradients across the filter, filter face velocities, degree of filter loading, and certainly filter type (even of same nominal pore size) may influence the resultant particulate metal concentrations. Thus while there is no "gold standard" for particulate trace metal sampling practices, the international community should agree if possible on the best practices, even with attendant compromises. Despite these issues, it is striking and encouraging that the overall agreement between profiles obtained with GO-FLO and in situ pumping filtration methods is very good.
